Four orthogonal systems of vectorcardiography that are considered to be more accurate than th(-tetrahedron and cube systems were compared. In a large majority of subjects the records made with each of the 4 systems were similar. However, in 5 of 60 subjects in whom the Z lead was studied, dissimilarities were found that were considered to be significant. The possible reasons for these dissimilarities are discussed. Comparative normalization data for the systems were obtained in the living human subject, based upon comparison of wave forms.
RECENTLY 4 systems of vectorcardiography
based on well-established principles of potential theory have been devised by Schmitt and Simonson,1 Frank,2 McFee and Johnston,3 and Helm.4 They each attempt to provide a more orthogonal reference frame than the cube and the tetrahedron systems. It is the purpose of this paper to report the results of a comparative study in the living human subject of these 4 systems. The study was undertaken for 2 reasons, to determine how interchangeable the results of the different systems were and to provide comparative normalization data for each system in the living subject. If the systems yielded similar results, the study would serve as a consistency cheek on the validity of the separate methods of analysis and synthesis.
METHOD
The 3 leads of each orthogonal reference frame were compared individually. They were paired with a common lead to produce a loop rather than being recorded as scalar leads. The latter method requires high-speed, dual-channel recording with a common lead for phase relations, and analysis of such records was found to be less obvious and informative.
All studies were performed with the subject recumbent. Loops were observed directly on an oscilloscope and photographed with a Polaroid Land 4 hours. Experiments were repeated on different days in 10 instances for the Z lead and 3 for the Y. No X lead studies were repeated because of uniformly good agreement among the 4 types.
Z Lead. Since the anteroposterior or Z lead has been the most variable component in existing systems of vectorcardiography, the major portion of this study was devoted to it. The Z lead of each system was paired consecutively with a common X lead (Schmitt system), and the gain of the Z channel controlled so that the peak-to-peak excursion was the same for all loops. The gain was then recorded for normalization information. The Z leads of the Frank and the Schmitt SVEC III systems were employed as described by these authors in their original communications.1' 2 The sponge electrode of Helm4 and the multiple bank of electrodes of McFee and Johnston3 are described as follows.
The sponge electrode consisted of a thin plastic sponge moistened with a saturated solution of sodium chloride. Two sizes of sponge were used on the anterior chest wall to record the Z lead. A large sponge 10 inches square was positioned to cover the area from the first to the seventh interspace and from approximately the right midelavicular line to a line between the V4 and V5 positions. A smaller sponge with dimensions of 8Y2 inches from right to left and 612 inches from top to bottom was placed on the precordium, extending from the level of the second to the sixth rib and from V, to a line between the V4 and V5 positions. The sponge electrode was applied first at the beginning of each experiment without skin preparation, such as rubbing or defatting, and secured in place with a flat sandbag. To complete the Z lead a single electrode 1 inch in diameter was paired with either sponge electrode and placed on the back as recommended by Helm.4 Connection was made at the upper outer edge of the sponge by means of an alligator clip insulated inches apart in both directions, and set in a sponge rubber mat. Each electrode was connected to a common terminal through a separate 1-megohm resistor. The over-all area spanned by the electrodes was 8Y2 inches by 61V2 inches, the same area as that of the smaller sponge. To record the Z lead the bank of electrodes was placed on the subject with the larger side horizontally, and in the average individual covered an area from the level of the second to the sixth rib and from the V, precordial electrode site to a line between the V4 and V5 positions. The skin was defatted by rubbing with an alcohol-ether mixture. Then a small amount of jelly was placed on each electrode avoiding spread beyond the electrode surface. After the assembly was secured in place with a sandbag, each electrode circuit was checked for contact resistance with an ohm meter. Good contact was further attested to by the fact that an imprint of each electrode was seen in the skin after the matrix was removed. A smaller multiple electrode, consisting of a 5 by 4 matrix of electrodes covering an area 612 by 51 2 inches, was centered on the back behind the anterior electrode to complete the Z lead.
X Lead. For study of the X lead, either a constant Z or Y lead was paired consecutively with different X leads. The X leads of the Frank and Schmitt systems were employed as described by the authors in their original publications, with the one exception that the Frank electrodes were placed at the fourth interspace. The X lead originally suggested by _Mc-Fee and Johnston was omitted because it was so similar to the Schmitt X lead. Instead, the smaller multiple type electrode was placed in the left axilla, extending from a line between the V4 and V5 positions to approximately the posterior axillary line and from armpit to the sixth or seventh rib. This was paired with a single electrode 1 inch in diameter, placed at the right anterior axillary line in the fourth interspace. recorded. Twenty-seven subjects were considered normal, being free from symptoms, signs, or history of cardiovascular disease and having normal electrocardiograms and chest x-rays. Of 33 abnormal subjects there were 103 with right bundle-branch block, 4 with left bundle-branch block, 8 with the electrocardiographic pattern of myocardial ischemia, 3 with healed myocardial infarction and residual Q waves, 3 with the pattern of left ventricular hypertrophy, and 2 with abnormal P-R intervals. Sixteen subjects with bundle-branch block were asymptomatic and without other evidence of heart disease. The heart size was well withini limits of normal variation in all but 6 of the abnormal group. In 3 the cardiothoracic ratio was just 50 per cent and in 3 more it was approximately 55 per cent. One subject ini this latter group showed poor matching as illustrated in figure 4 .
In the X-lead study 11 subjects were normal and 13 had various electrocardiographic abnormalities, including 5 with right bundlebranch block, 3 with left bundle-branch block, and 5 with the pattern of myocardial ischemia.
In the Y-lead study 10 subjects were normal, 1 had right bundle-branch block, and 2 had the pattern of myocardial ischemia.
RESULTS
In a large majority of subjects, the X, Y, and Z leads of the 4 With regard to the Frank system, electrodes were placed at both the fourth and fifth interspaces in 53 subjects. In 7 instances records taken at the fifth interspace differed significantly from those taken at the fourth, while the latter were in good agreement with the other 3 systems.
X leads were compared in 24 subjects. The results were all group I or II. Figure 5 shows Poor matching of the loops in a subject with right bundle-branch block. There is considerable variation in the terminal appendage of the loop. The rest of the loop is fairly similar in the sponge, multiple, and Schmitt systems. There is greater variation in the Frank Z recorded in the fourth interspace and poor correspondence in the ease of the Frank Z recorded at the fifth interspace. An example of a group III classification. Direction of X and Z leads is the same as in figure 1. electrode sites and computing networks, which either compensate for variations in heart dipole location within a given region or give equal weighting to any dipoles located in this given region. These statements are equivalent.
However, it is fundamental to recognize that because of this compensating and weighting these systems attempt to yield information only about the dipole component of the actual heart generator. Indeed, if the heart's electric activity cannot be completely accounted for by the action of an equivalent dipole in a homogeneous medium, these systems cannot by themselves yield all the available information. When the dipole component does not represent the total heart activity, these systems suppress the nondipole information. In this case additional information is available, for example, in precordial scalar leads. The 4 systems are quite different, and each was arrived at through a somewhat different theoretical approach. All are based an results of model studies. Frank's and Schmitt's studies were performed on 3-dimensional homogeneous torso models whereas MIcFee and Johnston used only 2-dimensional models. 
FIG. 4.
Illustration of another group III classification in a subject with right bundle-branch block. This is a decidedly poor match. The terminal appendage of each loop can be matched fairly well but there is poor correspondence with the rest of the loop and with the direction of the T wave from one system to another. Direction of X and Z leads is the same as in figure 1.
Helm derived his system from the model data published by Frank. The theoretical basis for each system is as follows. Frank used image surface representation to derive his system, which is reasonably accurate for a dipole located within a 5-by 5-by 5-cm. volume, provided the electrode level is placed in the plane of possible dipole location. Schmitt used transfer impedance representation to derive his system, which is reasonably accurate for one or more dipoles located within a 5-by 5-by 5-cm. volume well each of these systems. For linear resistive media there is a one-to-one correspondence between these tools and no one is fundamentally more general than the others.
Briefly, the advantages and disadvantages of each system are as follows. The Frank system is simplest to apply and has the advantage that precordial electrodes are already in place if it is desired to record scalar leads. However, the chief disadvantage of the Frank system is vulnerability in the event that electrodes are not placed at the mean electric heart center level. The sponge electrode is very inexpensive and simple to apply. However, despite the relative agreement between the sponge and the multiple electrode in all but 2 of 60 individuals there is still some reservation about the by all 4 systems suggests that this problem of an accurate Z lead has been solved for a majority of subjects. There are several theoretical explanations for the significant discrepancies that occurred in the 5 Z-lead studies in our series: 1. The heart may be representable by a single equivalent dipole, but its location may be outside the volume within which a given system is accurate. 2. The heart may be representable by a single equivalent dipole at any instant of time but its location may migrate outside the volume covered accurately by a given system. 3. The heart may be representable by a distribution of dipoles occupying a volume larger than that covered accurately by a given system. 4. The limits of accuracy for the systems covering a given region may allow a sufficient degree of latitude that dissimilar loops can still be accounted for. 5 . There may he inhomogeneities in the conducting mediums of sufficient magnitude to affect the results. 6. F 'inally, a factor not encountered in our series, iamely, gross distortion of the volume conductor by bizarre thoracic contour, such as pigeon breast, funnel chest, or marked kyphosis.
The results in our X-lead study were remarkably good in all the 22 subjects studied. Although Burger's contributions to vectorcardiography are of the greatest importance, his system was not used because it does not compensate for variable dipole locations.'0 Our present study suggests that the 4 systems used were interchangeable judged by present clinical standards in all normal individuals and in a majority of the abnormal subjects. However, there was a significant difference among the 4 systems in at least 5 individuals. In 5 subjects with significant Z-lead differences among the systems the 2 electrodes of large area, namely, the sponge and multiple, resembled each other but differed considerably from the Schmitt and Frank, which in turn resembled each other. This raises a question as to which type of system is more accurate. The answer to this problem could be determined only by more fundamental studies or judged on an empirical basis of superior liagnostic ac(uracy and usefulness.
SUMMARY
The results of study of the Z leads in 60 subjects indicated that the systems were inter- 5-,3 changeable in over 90 per cent of the cases for both QRS and T with regard to shape and orientation. Of the X lead studied in 24 subjects the systems were interchangeable for the QRS in all of the cases, and the T in 90 per cent. The evidence suggests that the Y lead is fundamentally a head-to-foot lead as recommended by Schmitt, with refinements introduced by Frank and Helm that produce little or no difference in the shape of the lead and only slight difference in amplitude.
Normalization data for the various systems was obtained, based upon comparison of wave forms.
Similarity of vectorcardiograms derived from 4 different systems in a large majority of subjects supports the validity of the individual methods of analysis.Theoretical possibilities for observed instances of dissimilarity are suggested.
In the recumbent position the Frank system at the fourth interspace gave better similarity with the other systems than when used at the fifth interspace. The Frank system seemed to be significantly influenced by the level at which the electrodes were placed in approximately 10 per cent of the subjects studied.
Results with the 2 electrodes of large area (sponge and multiple) were different from those obtained with the Frank and Schmitt systems in 5 subjects. In le position recumbente le systema Frank, usate al quarte interspatio, resultava in un melior similaritate con le altere systemas que le mesme systema usate al quinte interspatio. In circa 10 pro cento del subjectos studiate, le systema Frank pareva esser influentiate significativemente per le nivello a que le electrodos esseva placiate.
Le resultatos obtenite per medio del 2 electrodos de grande areas (typo a spongia e typo multiple) differeva in 5 subjectos ab le resultatos obtenite per le systemas Frank e Schmitt.
